Viral infections usually result in alterations in the host cell proteome, which determine the fate of infected cells and the progress of pathogenesis. To uncover cellular protein responses in porcine reproductive and respiratory syndrome virus (PRRSV), infected pulmonary alveolar macrophages (PAMs) and Marc-145 cells were subjected to proteomic analysis involving two-dimensional electrophoresis (2-DE) followed by MALDI-TOF-MS/MS identification. Altered expression of 44 protein spots in infected cells was identified in 2D gels, of which the 29 characterised by MALDI-TOF-MS/MS included 17 up-regulated and 12 down-regulated proteins. Some of these proteins were further confirmed at the mRNA level using real-time RT-PCR. Moreover, Western blot analysis confirmed the up-regulation of HSP27, vimentin and the down-regulation of galectin-1. Our study is the first attempt to analyze the cellular protein profile of PRRSV-infected Marc-145 cells using proteomics to provide valuable information about the effects of PRRSV-induced alterations on Marc-145 cell function. Further study of the affected proteins may facilitate our understanding of the mechanisms of PRRSV infection and pathogenesis.
Introduction
Porcine reproductive and respiratory syndrome (PRRS) is one of the most economically significant viral diseases of swine and a frustrating challenge to the global swine industry. It is characterised by severe reproductive failure in sows and respiratory distress in growing pigs and piglets (Wensvoort et al., 1992) . Porcine reproductive and respiratory syndrome virus (PRRSV), the causative agent of PRRS, is a member of the Arteriviridae family. This family is composed of a group of positive (+) sense, single-stranded RNA viruses including simian hemorrhagic fever virus (SHFV), equine arteritis virus (EAV), and lactate dehydrogenase-elevating virus (LDV). PRRSV has a highly restricted cell tropism, both in vivo and in vitro (Kim et al., 1993) . The virus infects the African green monkey kidney cell line MA-104 and its derivatives, Marc-145 and CL-2621, in vitro. PRRSV preferentially infects cells of the monocyte/macrophage lineage, especially porcine alveolar macrophages (PAMs), in the natural host (Duan et al., 1997) . In both PAMs and monkey kidney-derived cell lines, the virus enters through a mechanism of receptor-mediated endocytosis (Nauwynck et al., 1999) .
Little is known about the molecular mechanisms of PRRSV pathogenesis. Complex and mutual virus-host cell interactions occur when a virus invades the host. However, most of the cellular functions affected by PRRSV infection are still unidentified; hence, a comprehensive study of the interactions between PRRSV and PRRSV-infected host cells was necessary.
Proteomic analysis of host cellular responses to virus infection may provide new insight into cellular mechanisms involved in viral pathogenesis. To date, proteomic approaches, e.g., coupling two-dimensional electrophoresis (2-DE) and mass spectrometry (MS) (Blackstock and Weir, 1999) , have been widely used to study mechanisms of viral infection through the comparative analysis of cellular protein profiles (Alfonso et al., 2004; Zheng et al., 2008; Ringrose et al., 2008) . This procedure of comparing protein expression patterns of normal and infected cells can provide exclusive information about the response of host cells to viral infection. Proteomic changes in infected host cells have been studied for many pathogenic mammalian viruses, including human immunodeficiency virus type-1 (HIV-1), severe acute respiratory syndrome (SARS)-associated coronavirus, rabies virus, Nipah virus and African swine fever virus. The purpose of this paper is to analyze the changes in cellular proteins of Marc-145 cells and PAMs exposed to PRRSV. Furthermore, we also discuss the altered functions of Marc-145 cells and PAMs, induced by PRRSV infection.
Materials and methods

Virus and cell culture
PRRSV JL/07/SW used for this study was isolated from an intensive pig farm with a typical PRRS outbreak in Jilin province of China in 2007. A stock of the virus was the fifth passage cell culture prepared in Marc-145 cells with a titer of 10 6.19 TCID 50 /mL. Marc-145 cells were grown in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS; Invitrogen), 100 U/mL Penicillin G, 100 mg/mL Na streptomycin sulfate, and 2 mM l-glutamine. Pulmonary alveolar macrophages (PAMs) were prepared using lung lavage technique as previously described (Wensvoort et al., 1991) with minor modifications from three 6-weekold specific-pathogen-free (SPF) piglets (Beijing Center for SPF Swine Breeding and Management) that were free of PRRSV, porcine parvovirus, pseudorabies virus, swine influenza virus and Mycoplasma hyopneumoniae infections.
Virus inoculation
PAMs were incubated for 12 h at 37 • C in 5% CO 2 in RPMI-1640 medium, and the nonadherent cells were moved by gentle washing with RPMI-1640 medium before inoculation. Then, the cells (PAMs and Marc-145 cells) were inoculated with the virulent PRRSV strain JL/07/SW at an input multiplicity of about 2 TCID 50 /cell. The uninfected cells served as mock-infected cells. Viral propagation was confirmed by daily observation of the cytopathic effect (CPE) and indirect immunofluorescence assay. After 12, 24, 36, 48, 60 and 72 h, the infection rate was monitored by indirect fluorescent-antibody (IFA) staining of cells, numbers of infected cells were quantitated by fluorescence microscopy.
Extraction of cellular proteins
The collected cells were lysed with lysis buffer (8 M urea, 2 M thiourea, 4% CHAPS, 40 mM Tris, 0.5% IPG buffer) containing complete protease inhibitor cocktail tablets (Roche). Approximate 5 × 10 7 cells were lysed in 1 mL lysis buffer. After vortex vigorously, the solution was centrifuged at 20 000 × g for 1 h at 4 • C. Uninfected cells were treated in parallel in the same way. The protein concentration was determined by the Coomassie Plus-The Better Bradford Assay Kit (Pierce Biotechnology, Rockford). The clear supernatants were collected and stored at −80 • C until use to prevent protein degradation. Three flasks of uninfected cells, as controls, were treated in parallel in the same way.
Two-dimensional gel electrophoresis
Approximately 300 g proteins were loaded for firstdimensional separation. The samples were analyzed by 2-DE using commercial IPG strips (pH 4-7, 18 cm) (GE Healthcare) for IEF and standard vertical SDS-PAGE (12% acrylamide:bisacrylamide) for second dimension. IPG strips were rehydrated in a rehydration buffer consisting of 7 M urea, 2 M thiourea, 2% CHAPS, 65 mM DTT and 0.5% IPG buffer 4-7 for 13 h at room temperature with passive rehydration. Focusing was carried out at 20 • C with the current limited to 50 A/strip using IPGPhor II (GE Healthcare). The program was performed as follows: 100 V for 1.5 h, 250 V for 0.5 h, 500 V for 1 h, 1000 V for 1 h, 3000 V for 1 h, 5000 V for 1 h, gradient ramping to 8000 V for 3 h, then 8000 V for a total of 60 000 Vh. Prior to the second dimension, IPG strips were equilibrated for 15 min with gentle shaking in equilibration solution I containing 6 M urea, 2% (w/v) sodium dodecyl sulfate (SDS), 30% (v/v) glycerol, 50 mM Tris-HCl (pH 8.8), reduced with 2% (w/v) DTT and a trace of bromophenol blue. After equilibration, proteins were separated on second-dimension separation, at a constant current of 1 w/gel for 30 min, then 10 w/gel until the dye reached the bottom of the gel. The strips were sealed on the top of the gels using a sealing solution (1% agarose, 0.5% SDS, 0.5 M Tris-HCl). The run was completed once the bromophenol blue reached the bottom or run of the gel. During the whole run, the temperature was set at 16 • C. Three independent cell cultures were conducted for biological replicates.
Gel staining and image analysis
The gels were stained by the modified silver staining method compatible with MS (Yan et al., 2000) . The stained gels were scanned in an Image Scanner operated by LabScan 3.00 software. Image analysis was carried out with Image-Master 2D Platinum 6.0 according to manufacturer's protocol (GE Healthcare). At least three replicates from independent cultures were done for each point and data were analyzed by Student's t-test. Only the significantly differentially expressed protein spots (p < 0.05) with 1.5-fold different intensity or more were selected and subjected to identification by MS.
In-gel digestion
The protein spots were manually excised from the silver-stained gels and then transferred to V-bottom 96-well microplates loaded with 100 L of 50% ACN, 25 mM ammonium bicarbonate solution/well. After being destained for 1 h, gel plugs were dehydrated with 100 L of 100% ACN for 20 min and then thoroughly dried in a SpeedVac concentrator (Thermo Savant, U.S.A.) for 30 min. The dried gel particles were rehydrated at 4 • C for 45 min with 2 L/well trypsin (Promega, Madison, WI) in 25 mM ammonium bicarbonate and then incubated at 37 • C for 12 h. After trypsin digestion, the peptide mixtures were extracted with 8 L of extraction solution (50% ACN, 0.5% TFA)/well at 37 • C for 1 h. Finally the extracts were dried under the protection of N2.
MALDI-TOF/TOF MS and MS/MS analysis and database search
The peptide mixtures were redissolved in 0.8 L of matrix solution (␣-cyano-4-hydroxycinnamic acid (Sigma) in 0.1% TFA, 50% ACN) and then loaded on the target plate. Samples were allowed to air dry at room temperature and analyzed by a 4700 MALDI-TOF/TOF Proteomics Analyzer (Applied Biosystems, Foster City, CA) with 355 nm Nd:YAG laser and 20 kV accelerated voltage. Trypsin-digested peptides of myoglobin were added to the six calibration spots on the MALDI plate to calibrate the mass instrument with internal calibration mode. All acquired spectra of samples were processed using 4700 Explore TM software (Applied Biosystems) in a default mode. Parent mass peaks with mass range of 700-3200 Da and minimum signal to noise ratio of 20 were picked out for tandem TOF/TOF analysis. Combined MS and MS/MS spectra were submitted to MASCOT (Version 2.1, Matrix Science, London, UK) by GPS Explorer software (Version 3.6, Applied Biosystems) and searched with the following parameters: National Center for Biotechnology Information non-redundant (NCBInr) database (release date, March 18, 2006), taxonomy of bony vertebrates or viruses, trypsin digest with one missing cleavage, no fixed modifications, MS tolerance of 0.2 Da, MS/MS tolerance of 0.6 Da, and possible oxidation of methionine.
Real-time RT-PCR
Total RNA was extracted from the samples using TRIzol (Invitrogen), according to the manufacturer's protocols. Two micrograms of total RNA was reverse transcribed with 200 U M-MLV Reverse Transcriptase (Invitrogen) and 500 ng Oligo(dT)18 as the first strand primer in 20 L reaction solution. Specific primers were designed according to the corresponding gene sequences of MS-identified proteins using Beacon Designer software 7.5 (Primer Biosoft International). All the information on the primers is listed in Table 1 . The real-time RT-PCR assays were performed using the iCycler ® real-time PCR detection system (Bio-Rad Laboratory). Each 25 L reaction volume contained 1 L 10 M (each) forward and reverse primers, 12.5 L 2× SYBR ® Premix Ex Taq TM II (Takara), and 2 L 1:10 diluted cDNA products. The following PCR program was used for amplification: 30 s at 94 • C, 40 cycles of denaturation at 95 • C for 15 s, and annealing and extension at 55 • C for 30 s. All samples were analyzed in triplicate, and the average value of the triplicates was used for quantification. Quantitative analysis of the data was performed using the iCycler IQ5 optical system software version 2.0 (Bio-Rad Laboratory) in a normalized expression ( CT) model, using the mockinfected group as a calibrator (relative expression = 1) and GAPDH was used as an internal control.
Western blot analysis
The samples (20 g) were separated by electrophoresis on 12% (w/v) SDS-PAGE. The fractionated proteins were transferred to PVDF membranes (Millipore, Bedford, MA) and blocked with TBS-T containing 5% BSA at 4 • C overnight. Primary antibodies used were goat anti-HSP27 polyclonal antibody (diluted 1:200, Santa Cruz, CA), goat anti-vimentin polyclonal antibody (diluted 1:100, Abcam, UK), rabbit anti-galectin-1 polyclonal antibody (diluted 1:1000, Abcam, UK) and mouse anti-␤-actin antibody (diluted 1:1000, Santa Cruz Biotechnology, USA). The membranes were then incubated with the primary antibodies overnight at 4 • C. Immunoreactive protein bands were visualized with a chemiluminescence subtraction using SuperSignal West Pico chemiluminescence substrate (Pierce Biotechnology, Inc., Rockford, IL). 
Two-dimensional gel electrophoresis profiles of PRRSV-infected Marc-145 cells and PAMs
The cellular proteins in mock-infected cells and PRRSVinfected Marc-145 cells and PAMs were extracted for 2-DE analysis. To compensate for the variability of gel electrophoresis, three independent 2-DE gels of cellular extracts from mock-infected or PRRSV-infected Marc-145 cells and PAMs were selected for statistical analysis. A pH gradient of 4-7 was determined to be optimum for the separation of Marc-145 and PAM proteins. A total of 44 protein spots were differentially expressed in PRRSV-infected cells as compared to mock-infected cells (Fig. 1) , including 23 significantly up-regulated and 21 significantly downregulated protein spots on 2D gels. To identify these differentially expressed cellular protein spots, the 44 protein spots were picked out of the stained gels, subjected to in-gel tryptic digestion and subsequent MALDI-TOF/TOF MS and MS/MS identification. Subjecting the combined MS and MS/MS analysis to a MAS-COT scan of the NCBInr database successfully identified 29 proteins, including 17 up-regulated and 12 downregulated proteins. A complete list of all proteins identified during PRRSV infection, their protein score and sequence Table 2 . Equal amounts of total protein from infected and uninfected whole cell lysates were resolved by 2-D PAGE. The protein spots were visualized by silver staining. coverage are shown in Table 2 . To better understand the implications of cellular responses to PRRSV infection, these proteins and their corresponding biological processes were categorised according to the UniProt Knowledgebase and Gene Ontology Database. The identified cellular proteins were mainly involved in morphogenesis, protein synthesis, metabolism, stress response, the ubiquitin-proteasome pathway (UPP) and signal transduction.
Fig. 1. 2-DE analysis of PRRSV-infected Marc-145 cells (A) and PAMs (C), mock-infected Marc-145 cells (B) and PAMs (D). Arrows indicate the isolated and identified protein spots with at least 1.5-fold up-regulation (A and C) or down-regulation (B and D). Spots are numbered according to
Analysis of identified proteins at the transcriptional level
Alterations in expression of a protein may be attributed to changes in its mRNA levels. To compare the results of the proteomics analysis to the corresponding mRNA levels, the transcriptional alterations in four selected proteins from PAMs and three selected proteins from Marc-145 cells were measured by real-time RT-PCR (Fig. 2) . In PAMs, the mRNA level of HSP27 and vimentin was increased by 1.22-and 1.56-fold, respectively, and the trends of the changes in their mRNA levels were similar to the patterns of change in their corresponding proteins on 2-DE gels. For Marc-145 cells, the altered mRNA levels of HSPB1, peroxiredoxin-6 and galectin-1 were consistent with the 2-DE results. Interestingly, SOD1 mRNA levels displayed no obvious difference between PRRSV-infected and mock-infected cells.
Confirmation of proteomic data by Western blot analysis
To further confirm the alterations in protein expression during PRRSV infection, the following proteins were selected for Western blot analysis: HSP27 (up-regulated Marc-145 cellular protein), vimentin (up-regulated PAMs cellular protein) and galectin-1 (down-regulated in Marc-145 cells and PAMs). Fig. 3 shows an increase in the expression of vimentin and HSP27, and a decrease in the expression of galectin-1 during PRRSV infection, with no alterations in actin expression; hence, Western blotting results are consistent with those observed with 2D PAGE. 
Discussion
Virus infection and the corresponding host response involve a complex interplay of host and viral networks in which many viruses attempt to subvert host cell processes to increase the efficiency of viral infection. Likewise, the host employs a number of responses to generate an anti-viral state (Emmott et al., 2010) . Infection by different viruses causes alterations in the transcription and translation patterns of the host. Increasing evidence emphasises the use of comparative proteomics to screen the differentially expressed proteins associated with pathophysiological host cellular responses to viral infection. Understanding the changes in the cellular proteins of these cells after exposure to PRRSV could reveal molecular mechanisms associated with altered functions of PRRSV-infected Marc-145 cells and PAMs. In this study, proteomic methods coupled with real-time RT-PCR and Western blotting were applied to identify differentially expressed proteins in PRRSV-infected and mock-infected PAMs and Marc-145 cells. We now attempt to interpret the possible functional roles of some of the proteins identified during PRRSV infection.
In our study, one of the major findings was the increased levels of some cytoskeletal proteins, including cofilin-1 and vimentin, in the PRRSV-infected group. Although these proteins may not be specific to PRRSV, most cytoskeleton changes detected in PRRSV-infected cells were caused by PRRSV infection. Vimentin is an important cellular cytoskeleton component. Studies have reported a reorganisation of vimentin in certain viral infections, which probably leads to unstable cytoskeletal structure (Stefanovic et al., 2005) . Differential proteomes of chicken embryo fibroblasts (CEFs), with and without IBDV infection, also showed considerable up-or down-regulation of many cytoskeletal proteins; the intermediate filament (IF) vimentin levels also significantly decreased (Zheng et al., 2008) . Furthermore, Fatemel group reported that vimentin was up-regulated in CVS-infected BHK-21 cells (Zandi et al., 2009) . In the present study, a decrease in the abundance of the actin-binding protein, plectin-1, in the PRRSV-infected group suggests that PRRSV may also manipulate the host cytoskeletal network for its own infectious processes and replication.
We identified another group of up-regulated proteins of interest in the ubiquitin-proteasome pathway, a major intracellular protein degradation pathway, which has recently been implicated in viral infections, including avoidance of host immune surveillance, viral maturation, viral progeny release, efficient viral replication, and reactivation of virus from latency (Gao and Luo, 2006) . In this study, ubiquitin was identified as a differentially expressed cellular protein during PRRSV infection in Marc-145 cell. The best known function of ubiquitin in proteolysis is to serve as a signal for the target protein to be recognised and degraded by the proteasome. Although the host has a variety of defences to protect against viral infections, sometimes the immune response to the infection is the direct cause of tissue injury. Whether PRRSV takes the similar or different strategy during infection has not been elucidated and deserves further investigation.
Remarkably, several stress response and anti-oxidative proteins were significantly altered in the present study. HSPB1 is an important, small heat shock protein (HSP) that is synthesised in response to a wide variety of stressful stimuli, including viral infection. The abundance of HSPB1 increased in cells infected in vitro with H9N2 avian influenza virus (Liu et al., 2008) , African swine fever virus (Alfonso et al., 2004) , and infectious bursal disease virus (Zheng et al., 2008) . In contrast, decreased levels of HSPB1 were observed in cells infected in vitro with mumps virus (Yokota et al., 2003) and porcine circovirus type 2 (Zhang et al., 2009a,b) , which suggest that HSPB1 may play different roles in different viral infections or different stages of infection. Two antioxidative stress proteins, peroxiredoxin-6 (Prx6) and peroxiredoxin-2 (Prx2), were up-regulated, suggesting that PRRSV infection may induce host cell oxidative stress. The cytosolic Prx2 has two highly conserved cysteine residues that become oxidised by hydrogen peroxide (H 2 O 2 ) and hydroperoxides, resulting in the reversible formation of a homodimer (Wood et al., 2003) . Human erythrocyte Prx2 reacts extremely rapidly with H 2 O 2 , with a rate constant similar to those observed for catalases and glutathione peroxidases. Prx6 is a bifunctional 25 kDa protein with both GSH (glutathione) peroxidase and phospholipase A2 activities. Overexpression of Prx6 in cells can protect against oxidative stress, whereas antisense treatment results in oxidative stress and apoptosis (Manevich and Fisher, 2005) . We report an increase in the abundance of HSP27 and Prx6 after PRRSV infection in Marc-145 cells and PAMs as measured by 2-DE and real-time RT-PCR. Furthermore, the change in HSP27 expression was confirmed by Western blotting. This alteration may allow infected cells to be eliminated by apoptosis, or serve as a form of host defence against PRRSV infection.
Virus-induced oxidative stress is associated with the activation of phagocytosis and the release of reactive oxygen species (ROS), which play a positive modulatory role in immune activation, eradication of viral infection and immune-induced cellular injury (Schwarz, 1996) . Superoxide dismutase 1 (SOD1) is localised in both the cytoplasm and intermembrane space of mitochondria. Because of its ability to scavenge superoxide, SOD1 is considered an essential defence against the downstream generation of ROS other than O 2 − , which is even more toxic than superoxide itself. In this function, SOD1 is more efficient than SOD2. Although up-regulated during PRRSV infection in PAMs (Zhang et al., 2009a,b) , SOD1 was notably downregulated during PRRSV infection; further investigation will be required to understand its role. Notably, our finding was consistent with a previous report which indicated that PRRSV infection decreased the production of superoxide anion in PAMs. The abundance of several proteins involved in immune response, antigen processing and presentation were also altered in this study. Western analysis showed that galectin-1 was down-regulated in PRRSV-infected PAMs and Marc-145 cells as compared with uninfected cells galectins, a lectin family, have been implicated in various immune response processes through binding to host surface glycoproteins. Studies suggest that galectins participate in the immune response, both as immunomodulators and molecules that facilitate pathogen-host cell interactions (Kohatsu et al., 2006) . In addition, recent evidence indicates that galectins could facilitate pathogen internalization in phagocytic cells, such as macrophages (Van den Berg et al., 2004) . Galectin-1 expression has been reported in thymus and lymphoid parenchymal epithelial cells, endothelial cells, trophoblasts, activated T cells, macrophages, activated B cells, follicular dendritic cells and CD4+CD25+ regulatory T cells (Barrionuevo et al., 2007) . Galectin-1 can increase adsorption of X4-utilizing isolates of HIV-1 onto CD4+ T lymphocytes, thus enhancing the overall infection process (Mercier et al., 2008) . Of these, the decrease in galectin-1 was confirmed by real-time RT-PCR and Western blotting analysis. These data suggest that the proteins identified in this study may play special roles during PRRSV infection or replication.
Conclusion
This study adopted a gel-based proteomic approach to probe the differentially altered proteins in PRRSV-infected PAMs and the Marc-145 cellular proteome. Importantly, the comparative proteomic approach identified 29 altered cellular proteins during PRRSV infection. Interestingly, some of the identified proteins have the ability to regulate apoptosis. Our study facilitates a better understanding of the pathogenic mechanisms of PRRSV infection. Further large-scale studies are necessary to understand the roles of the interesting proteins implicated in PRRSV infection.
